Abstract. The operational planners in power grid companies perform a large number of offline voltage stability studies for a variety of operating conditions. How to effectively determine voltage stability limits from massive amount of offline data has become a challenge for operational planners. This paper applies decision tree (DT) to extract operating guidelines from off-line analysis results. Case study results on a practical power system prove that voltage stability operating guidelines, which are extracted by decision tree, can be used by system operators for online monitoring and control of electric power systems.
Introduction
Voltage stability is the focus of planning and operating electric power system. In order to ensure the power system to maintain acceptable voltage both in normal operation and in the event of severe disruption, the operational planners have done a lot of offline analyses and collected a large amount of offline data [1] [2] . The operational planners developed voltage stability operating guidelines based on their experience and subjective judgement. With the development of power system, the structure of the power grid has become very complex and the scale of computational data has increased dramatically. Meanwhile, large scale integration of renewable energy resources increase complexity and uncertainty of power system operation. Once facing with the massive data, the efficiency of manual data processing will be very low and the accuracy cannot meet the needs of system operation [3] [4] .
Due to the advantages in extracting useful information automatically from massive data, data mining techniques have been applied into power system. Recent applications of data mining techniques, including artificial neural network (ANN), self-organizing map (SOM) and radial basis function (RBF), support vector machine (SVM) [5] , Reference [6] applied a multiclass SVM for static voltage stability assessment. Reference [7] proposed a new hybrid classifier for transient stability prediction, which can forecast both TSS of the power system and synchronism state of each generator in response to a disturbance. A new approach to ANN based VCPI prediction method to be used for extracting voltage stability operating guidelines has been proposed in reference [8] . The above mentioned methods all belong to black box model, which cannot reveal the internal rules of the massive data.
Decision tree belongs to white box model. One of the advantages of decision trees is that they produce models that are relatively easy to interpret. This paper uses decision tree to extract voltage stability operating guidelines.
Decision Tree and C4.5 algorithm
A decision tree is a flowchart-like tree structure, where each internal node denotes a test on an attribute, each branch represents an outcome of the test, and each leaf node holds a class label. The topmost node in a tree is the root node [9] . A typical decision tree is shown in Figure 1 .
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Internal Node Root Node Leaf Node Leaf Node Fig. 1 . Decision tree The most advantage of decision trees is that they produce models that are relatively easy to interpret. In particular, a tree can be read as set of decision rules, with each rule's antecedent comprising the decisions on the internal nodes along a path to a leaf, and its consequent being the label of the leaf node. Further, because the regions are all disjoint and cover the entire space, the set of rules can be interpreted as a set of alternatives or disjunctions [10] .
There are several decision tree algorithms, such as ID3, C4.5, and CART algorithm. All of them adopt a nonbacktracking approach in which decision trees are constructed in a top-down recursive divide-and-conquer manner. Most algorithms for decision tree induction also follow a top-down approach, which starts with a training set of tuples and their associated class labels [11] .
In order to handle continuous attributes, this paper uses C4.5 algorithm to extract voltage stability operating guidelines. C4.5 algorithm is the most common algorithm of decision tree, which developed from ID3 algorithm. It creates a threshold and then splits the list into those whose attribute value is above the threshold and those that are less than or equal to it [12] . The core of C4.5 algorithm is the entropy principle. Entropy is used to measure the amount of disorder or uncertainty in a system. In the classification setting, a partition has lower entropy means it is relatively pure, that is, if most of the points have the same label [13] .
Suppose set S is a training samples set, C represents attributes of decision tree and m represents class labels (voltage stable or voltage unstable).
The entropy of set S is defined as follows：
is the frequency of the class attribute C associated with the m class labels. Select an attribute A then calculate the information entropy of partition according to attribute A: The information gain ratio of the attribute A can be calculated using the following equation.
The attributes are sorted by the information gain ratio. The attribute with the maximum information gain ratio is selected as the node. Select a feature as the node of this level, after testing all the branches, calculate the maximum information gain ratio, then construct the next level of decision tree.
In order to extract voltage stability operating guidelines for dispatchers, decision tree is constructed by the massive offline data. The flow chart of applying decision tree for extracting guidelines is shown in Figure 2 . Second, the attributes of decision tree include voltage magnitude and angle of buses, the reactive power of branches and the reactive power generated by generatorsr to construct the decision tree, the information gain ratio of these four attributes in every input samples need to be calculated and select the maximum information gain ratio as the root node of decision tree.
Third, after obtaining the root node, the sample split into two subsamples. The leaf node can be obtained by calculating the maximum information gain ratio in each subsample. Decision tree will repeat this process automatically untill the sample of the leaf node meet the stopping criteria of decision tree. Once decision tree is constructed, a set of voltage stability operating guidelines can be generated which are used for dispatchers to monitor voltage stability conditions in real-time.
Case study
In order to verify the feasibility of the proposed method, case study is conducted using an actual power system data. The test system includes 781 buses, 40 500kV transmission lines, 145 loads, 40 generators and 271 transformers. The total generator capacity is 12478MW and the total load is 12259.7MW.
P-V curve analysis is performed to generate samples for decision tree. 'N-1' contingency analysis is conducted on all of generators, transmission lines and transformers to obtain different operating conditions. In total, there are 314 contingencies. Figure 3 shows part of P-V curve analysis results. Fig. 3 . P-V curve analysis for different contingencies. 314 critical voltage stability limit points can be obtained in 314 contingencies. These points are composed of the voltage unstable sample. In each P-V curves, the last operating point before the system reaches voltage stability limit is used to construct voltage stable sample. Each sample includes 75 attributes ( 11 critical branches transmission power and 64 critical buses node voltage magnitude and phase angle) and a target attribute (voltage stability / voltage instability). C4.5 algorithm is used to construct decision tree using 75 attributes.10-fold cross-validation approach is used to select the training set and validation set of decision tree. Figure 4 shows the decision tree constructed based on C4.5 algorithm. Voltage stability rules can be extracted from this decision tree. According to decision tree, the following rules can be extracted:
(1) If voltage magnitude of Bus SHENG-Q is above 0.91869 and reactive power of Branch BAN-Q is equal or above 40.1Mvar as well as voltage magnitude of Bus GAO-JL is equal or less than 0.8973, the system operators can judge that the system voltage is unstable.
(2) If voltage magnitude of Bus SHENG-Q is above 0.91869. The reactive power of Branch BAN-Q is equal or above 40.1Mvar. The voltage magnitude of Bus GAO-JL is above 0.8973 and the reactive power of Branch LANG-L II is equal or above 140.9Mvar, the system operators can judge that the system voltage is unstable.
(3) If voltage magnitude of Bus SHENG-Q is equal or less than 0.91869 and reactive power of Branch LANG-L II is less then 141.3Mvar, the system operators can judge that the system voltage is unstable.
These rules can be used by system operators as operating guide to assess system voltage stability conditions.
Conclusions
Operational planners make a lot of studies on voltage stability to keep the stability and safety of power system. This paper applies decision tree to extract voltage stability operating guidelines based on massive offline data.
With the development of power system and the widely use of PUMs, the attributes of decision tree can be obtained by massive offline data, which used to monitor system voltage stability conditions in real-time.
Study on a practical power system indicates that decision tree can extract voltage stability operating guidelines and therefore help dispatchers assess system voltage stability in real-time.
